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A B S T R A C T
Luminance adjustment is widely used to evaluate discomfort due to glare. This paper reports an experiment
conducted to investigate two factors of the luminance adjustment procedure, stimulus range bias and direct vs
indirect control. Stimulus range bias describes the inluence on subjective evaluations of the range of stimuli
available to the test observer, with range being the minimum and maximum available glare source luminance in
the current context. For the glare source, an artiicial window, there were three ranges, having maximum lu-
minances of 5 106, 7288 and 9469 cd/m2. The results suggest that luminance range had a signiicant efect on
settings made, suicient to change settings by an amount equivalent to one step of a Hopkinson-like discomfort
sensation scale. The mean luminance associated with just intolerable discomfort with the low range was less than
that associated with just uncomfortable with the high range. Past experiments have used direct control, where
the observer makes the adjustment directly, and indirect control, where the observer instructs the experimenter
to make the adjustment actions. Both methods were used in the current experiment. It was found that range bias
was larger when using direct control than with indirect control. These indings contribute to an understanding of
why diferent studies of discomfort glare have reported diferent results and hence proposed diferent discomfort
models.
1. Introduction
Although it is generally accepted that well daylit conditions provide
comfortable and healthy environments [1], too much daylight in the
form of glare can be a problem [2,3]. One reason for this is we are, as
yet, unable to conidently predict the degree of discomfort due to glare.
This arises partly because past studies have given insuicient con-
sideration to the experimental methodologies that were used. Changes
in experimental design can signiicantly afect the ensuring glare
thresholds as shown in recent work [4–7], resulting in diferent studies
proposing diferent thresholds due to diferences in the experimental
procedure. To establish more robust design criteria for minimising the
inluence of daylight glare in buildings, further work needs to give more
consideration to experimental design.
Luminance adjustment is a procedure for evaluating the subjective
degree of discomfort due to glare. In this procedure, the brightness of
the glare source (or the background visual scene) is varied to meet one
or more predeined sensations of visual discomfort. Following early use
by Hopkinson [8] many studies have used luminance adjustment to
evaluate discomfort due to glare, e.g., Refs. [4–7,9–16].
Stimulus range bias describes the inluence on subjective evalua-
tions of the range of stimuli available to the test observer [17]. Range
efects have been found to afect many sensory responses when using
the adjustment procedure to meet a given subjective sensation, in-
cluding preferred colour [18,19], preferred brightness levels [18,20],
and perceived loudness [21,22].
Table 1 shows past studies that have used the luminance adjustment
procedure with diferent stimulus ranges to evaluate discomfort due to
glare. Common to all experimental procedures, observers were asked to
set glare source luminances to represent each of four degrees of dis-
comfort sensation (Table 2). The four studies are presented by as-
cending order of the maximum luminance available: it can be seen that,
for each discomfort sensation, higher settings were made when there
was a higher maximum luminance available. This demonstrates that the
available stimulus range inluenced the settings made. Note for example
that the luminance (126 cd/m2) associated with disturbing glare in one
study (Osterhaus and Bailey) is similar to the luminance (134 cd/m2)
associated with just perceptible glare in another study (Hopkinson and
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Bailey), a discomfort sensation two steps lower.
We do not suggest that stimulus range bias is the sole cause of the
observed diferences between these studies because there were other
variations in experimental design, but we do propose that it may be a
signiicant contribution. To better isolate the inluence of stimulus
range on luminance settings requires that an experiment is conducted
using diferent stimulus ranges but without other purposeful change in
the experimental design.
We explore also a second issue when using adjustment to vary the
luminance of the visual scene. In some past studies, the observer was
required to directly vary the luminance, such as by using a control dial
e.g. Refs. [8,11,14]. With this approach, the observer has direct control
over the variable stimulus and is free to adjust the variable stimulus in
any manner they choose until they reach the inal setting. In other
studies this control is indirect, with the experimenter making the ad-
justments according to the vocal instructions from the test observer e.g.
Refs. [10,15,16]. Following Glass et al. [23] we suggest two reasons
why this may make a diference. First is the perception of personal
control, the degree to which participants believe they have control over
their environment as opposed to the degree of control they actually
have. The perceived level of personal control over an environment (i.e.,
lighting, acoustics, temperature, air quality etc.) plays a large role on
occupant performance, satisfaction and behaviour [24]. For example,
when test observers had been assigned to their preferred lit condition
and reported higher levels of perceived control, performed slower in
comparison to a condition to which less control was given [25]. Given
that control may inluence the outcome of the result, this aspect should
also be evaluated when adjustments are performed. Second, the ob-
server may employ a diferent level of precision when giving instruc-
tions to a second person rather than having direct control. For example,
they may accept an otherwise imperfect setting simply to reduce the
need to further increase or decrease the brightness of the glare source.
An experiment was conducted to investigate two issues related to
evaluation of the discomfort due to glare using a luminance adjustment
procedure. First, whether diferent stimulus ranges lead to diferent
settings. Speciically, it was hypothesised that increasing the maximum
luminance available would increase the luminance set for a given dis-
comfort sensation. Second, whether direct and indirect control over the
variable stimulus inluences the settings made. Speciically, whether
this diference would afect the inluence of stimulus range bias.
2. Method
2.1. Experimental setting
The experiment was carried out in the SinBerBEST test room at the
Berkeley Education Alliance for Research in Singapore (BEARS). The
test room is of dimensions 4.25 x 5.5×3.6m (Fig. 1) and has an ar-
tiicial window, used as the glare source in the current experiment. The
window is full height and near full width of one wall. It has overall
dimensions of 3.63× 3.6m and is divided vertically into three panes. It
is backlit by an array of light emitting diodes (LEDs) projected directly
on to a membrane located behind the glass panes to promote an even
difusion of light across the surface of the window.
Surfaces in the test room had luminous relectances of approxi-
mately: ρwall=0.56, ρloor=0.72 and ρceiling=0.72 as estimated by
matching to samples in the Munsell system [26]. An oice-like work-
station (i.e., chair, desk and laptop computer) was placed inside the
room at a position that was parallel to and facing the artiicial window.
The desk top had an estimated surface relectance of ρ= 0.56, dimen-
sions of 1.80×0.75m, and a height of 0.74m from the test room loor.
The experimental arrangement of the apparatus in this investigation
followed previous work using an artiicial window and the luminance
adjustment procedure to evaluate discomfort due to glare [7,9,13]. A
lat screen 23” Hewlett Packard EliteDisplay E231 liquid crystal display
computer screen (mean self-luminance of 196 cd/m2) was placed in
front of the participant. For those trials where adjustment was con-
ducted by the experimenter (indirect control) the screen showed a
simple visual target (a small circle [6]) to maintain ixation. For those
trials where adjustment was conducted by the participant (direct con-
trol) the screen displayed the control commands (increase; decrease;
pause). A chin rest mounted on the desk was used to hold participants’
heads at a constant position, a height of 1.2m from the loor, facing the
computer screen. While a ixed viewing position is not essential for
discomfort evaluations, and does not resemble the free viewing of ty-
pical natural situations, it enables precise characterisation of the size
and location of the glare source which are key parameters of discomfort
models.
2.2. Photometric measurements
The luminance of the artiicial window was controlled using a
Digital Multiplex (DMX) controller: the DMX was operated by one of
two laptop computers, one used by the participant and the other used
by the experimenter. The on-screen control adjustment had a linear
relationship with average window luminance. This enabled the control
settings made during trials to be later translated to window luminances.
The LED array allowed average window luminance to be varied
from 441 to 9469 cd/m2. Average window luminance is here deined as
the mean luminance as measured at 27 locations across the whole
window, this comprising a 3 x 3 grid of measurements on each of the
three panes. The standard deviation from the 27 points varied from
41 cd/m2 for the lowest average luminance (441 cd/m2) to 709 cd/m2
for the maximum average luminance (9469 cd/m2).
During trials, the room was lit only by the artiicial window and the
two laptop display screens. The luminances of surfaces in the partici-
pant's ield of view surrounding the window were measured at 12 lo-
cations, equally spaced across the desk top, the walls, and the ceiling.
The average of these 12 luminances ranged from 58 cd/m2 (window set
to lowest luminance) to 1299 cd/m2 (window set to maximum lumi-
nance). In parallel, the vertical illuminance facing the window at the
viewing position of the test participant ranged from 434 to 9253 lux.
Across this range of window luminances, the correlated colour tem-
perature (CCT) remained relatively constant at approximately 5000 K.
Light levels were measured using a Minolta LS-100 luminance meter
(manufacturer's reported accuracy± 2% cd/m2) and a Minolta CL-200a
illuminance chromameter (accuracy±2% lux).
2.3. Variation of stimulus range
This experiment used an adjustment procedure to set luminances
associated with a speciied degree of discomfort due to glare. An aim of
the experiment was to investigate whether those settings are afected by
Table 1
Comparison of the stimulus ranges (minimum and maximum luminances) used
to make settings in a luminances adjustment task to four sensations of dis-
comfort due to glare.
Study Luminance
range (cd/m2)
Sensation
1 (cd/m2)
Sensation
2 (cd/m2)
Sensation
3 (cd/m2)
Sensation
4 (cd/m2)
Min Max
Osterhaus
and
Bailey
[13]
6 2000 32 79 126 398
Hopkinson and Bradley [9] 4 15 418 134 319 1141 2316
Kent et al. [10] 400 20 000 824 1354 2387 4164
Tuaycharoen and Tregenza
[16]∗
1000 150 000 – 15 975 37 224 53 757
∗ Tuaycharoen and Tregenza [16] did not report the irst setting.
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the range of luminances available. Three ranges were used, herein la-
belled as low, middle and high (Table 3). In past studies, any basis for
the choice of stimulus range is explained rarely, if at all. For the current
purpose of demonstrating range bias, rather than establishing an ab-
solute threshold then the luminance range is arbitrary and was chosen
to fall within the ranges used in past studies (Table 1). The minimum
limit was constant for all three ranges (441 cd/m2) and only the max-
imum limit was varied. This maximum limit was varied by the ex-
perimenter without informing the test participant.
Luminance adjustment during trials was achieved by clicking on-
screen commands (increase, decrease, pause). The DMX control scale
ranged from 10 to 250, with adjustment intervals of 4 units, each in-
terval increasing the average luminance by approximately 140 cd/m2.
An increase by a ixed luminance rather than a proportion of the overall
range was employed because it meant that the increase was the same
for all three ranges: adjustment by a ixed proportion would have re-
sulted in a greater, and possibly more noticeable, variation in the high
range than the lower ranges, and this may have inluenced the settings
made. One disadvantage of this approach was that there were fewer
intervals on the lower ranges than on the higher ranges.
2.4. Degree of discomfort due to glare
During the experiment, participants were required to adjust the
window luminance so that it represented a particular degree of visual
discomfort. There were four levels of discomfort, here labelled A, B, C
and D, with A representing a low degree of discomfort and D a high
degree of discomfort. Fig. 2 shows the deinitions of these discomfort
levels as shown to test participants.
The following deinition of discomfort due to glare was given to all
test participants at the start of the test session [27–29]: “Discomfort due
to glare is a subjective sensation that is based on your visual impression of
the conditions present inside the room. It is often caused when you focussing
on a visual task (i.e., reading, writing or typing) and something in the
background of your peripheral vision is excessively bright. Because it is ex-
cessively bright, the brightness or contrast in brightness it causes may cause
mild discomfort or annoyance. The sensation should not be mistaken with
conditions, whereby the source of brightness impairs your vision or starts to
reduce your ability to see the visual task. The source of glare could originate
from artificial lights or from reflective surfaces but in this experiment, it is
the artificial window”.
2.5. Test participants
Forty-two participants were recruited for this experiment. Of these,
19 were female and 23 were male and the mean age was 27 years
(SD=6 years). Thirty wore their normal glasses or contact lenses, and
all test participants self-certiied as having no other eye problems. All
test participants spoke luent English, the language used for the test
instructions. Test participants were paid for their participation to the
experimental study. The UC Berkeley Committee for Protection of
Human Subjects approved the research protocol (CPHS #2018-05-
11072) and all participants signed an informed consent form before
taking part to the study.
2.6. Procedure
At the beginning of the experiment test participants were seated at
the desk and placed their head on the chin rest. The experimenters
provided a set of instructions, including a deinition of discomfort due
to glare, the glare scale, and a description of how the experiment would
be performed. Practise trials were conducted before the experiment
commenced (see below).
Participants were instructed to set the window brightness to a level
representing one of the four degrees of discomfort (Fig. 2). These four
settings were made, in a random order, within one block of trials. At the
Table 2
Comparison of the terms used to describe diferent levels of discomfort due to glare for those studies in Table 1.
Study Sensation 1 Sensation 2 Sensation 3 Sensation 4
Osterhaus and Bailey [13] imperceptible noticeable disturbing intolerable
Hopkinson and Bradley [9] just perceptible just acceptable just uncomfortable just intolerable
Kent et al. [10] just perceptible just noticeable just uncomfortable just intolerable
Tuaycharoen and Tregenza [16] just perceptible just noticeable just uncomfortable just intolerable
Fig. 1. Plan view of the test room showing the artiicial window, layout of the apparatus, and position of both experimenters and test participant during the test
sessions (left). A test participant sat at the viewing position inside the test room performing the experiment (right).
Table 3
Deinition of the three stimulus ranges and initial (anchor) point as deined by
the average luminance of the artiicial window.
Stimulus Range Luminance range (cd/m2) Anchor at start of each block of
trials (cd/m2)
Min Max
Low 441 5106 2560
Middle 441 7288 3651
High 441 9469 4742
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start of each block the window luminance was set to the mid-point of
the particular range (Table 3). Logadóttir et al. [18] found that when
setting the anchor point at the 50% point of the range, this produced
similar results to an average of the settings that had made when the
initial starting luminance commenced with high and low anchors. For
the remaining settings made within each block, the initial luminance
was the setting made on the immediately preceding trial.
To investigate range bias, there were three blocks of trials, with
each block using a diferent stimulus range (Table 3). To investigate the
diference between participants’ direct adjustment of luminance and
indirect adjustment (i.e. instructing the experimenter to make adjust-
ments) these three blocks of trials were repeated. Considering both the
method of adjustment (i.e., direct and indirect) and the three ranges of
window luminance (i.e., low, middle and high) required six blocks, and
these six blocks were fully randomised. Each block comprised four glare
settings and thus each participant performed 24 trials. Within each
block, the four glare settings were made in a randomised order. This
was done to counter the order efect shown in previous work [4]. Each
test session (all six blocks) lasted approximately 1 h, which included a
rest period of approximately 5min before each block of four trials.
As recommended [17,30] a demonstration of luminance range was
demonstrated before each of the six blocks of trials. The demonstration
started with the luminance set to the 50% position for that range, it
increased to the range maximum, decreased to the range minimum, and
then returned to the 50% position. The maximum to minimum se-
quence was reversed for half of the demonstrations.
Test participants adjusted luminance by direct and indirect control.
Direct means that they physically carried out the adjustment action, a
mouse click on a screen command; indirect means they instructed (by
voice) the experimenter who carried out the physical action. During
indirect adjustment trials, participants were instructed to maintain their
visual ixation towards a small circle (12mm diameter, subtending an
angle at the eye of 1.7°) displayed at the centre of the computer screen
as used in previous work [6]. During direct adjustment trials, partici-
pants’ visual ixation was directed onto the software interface displayed
on the computer screen.
There were two practise trials before the six blocks commenced,
these requiring the participant to adjust the luminance to discomfort
setting B from the low initial setting and the low range (Table 3).
2.7. Statistical analyses
Parametric tests that relied on the assumptions of normality were
used to analyse the data. Graphical (Quantile plots) and statistical
(Shapiro-Wilks) tests were used to examine the normality of data dis-
tributions about the mean parameter. For comparisons that used re-
peated-measures analyses, tests were applied to determine whether the
diferences were normal about the mean parameter; alternatively,
normality of each individual conditional group was tested when the
independent variable was examined with between-subjects tests [31].
To test the assumption of sphericity, the Maulchly's test was used to
determine whether the variance of the diferences between all com-
parisons made with the within-subject variable (i.e., the three ranges)
were equal [32]. To test the assumption of homogeneity of variance, the
Levene's test was used to test whether variances across independent
groups were not statistically diferent [31].
Null hypothesis signiicance testing (NHST) was used to determine
whether the diferences in the average mean window luminances were
signiicantly diferent across the three range conditions. Emphasis was
placed on the efect size, deined as a measure of the magnitude of the
diferences examined [33], and not only on the statistical signiicance
(which, in cases can confound in cases of small, large or uneven sample
sizes) [34]. The efect size was estimated by making use of the efect
size, omega squared (ω2). The interpretation of the outcome was de-
rived from the benchmarks proposed by Ferguson [35], in which values
have been provided for small, moderate, and strong efect sizes
(ω2≥0.04, 0.25, 0.64 and r≥0.20, 0.50, 0.80, respectively). Values
that were lower than the recommended minimum efect size
(ω2 < 0.04 and r < 0.20) do not represent a practically signiicant
inluence.
3. Results and analyses
3.1. All trials
Fig. 3 shows the results of the experiment, with mean window lu-
minances plotted for each combination of the four discomfort sensa-
tions and three luminance ranges. The irst graph (a) shows these data
for those trials with indirect control over luminance adjustment, and
the second (b) those trials with direct control over adjustment. Both
Fig. 2. Deinition of the degree of discomfort due to glare.
Fig. 3. Mean window luminances values for the three stimulus ranges (low,
middle and high) and the four degrees of discomfort (labelled A, B, C, D – see
Fig. 2). Error bars indicate the standard deviations. These data are results from
all trials. The two graphs show: (a) Indirect control, and (b) Direct control.
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graphs exhibit similar trends: mean luminances increase for higher
degrees of discomfort and with the higher stimulus range. The error
bars show the standard deviations about the means.
Table 4 presents, for both direct and indirect control, the four dis-
comfort sensations, the test statistic (Mauchly's W) and statistical sig-
niicance (p-value) for the Mauchly's test of sphericity, the test statistic
(F), statistical signiicance (p-value), and efect size (ω2) for the re-
peated-measures analysis of variance (RM-ANOVA) applied when con-
sidering data from all trials. The assumption of sphericity was not met
in one case (criterion D) for indirect control and two cases (discomfort
sensations A and B) for direct control. Therefore, since the assumption
of sphericity had been violated, Greenhouse-Geisser corrections were
used to adjust the degrees of freedom (df) and calculate a conservative
test statistic (F) protected against the Type I error [36].
The results of the RM-ANOVA considering all trials show that, the
diferences across the three ranges are all statistically signiicant for
each reported discomfort sensation and under both indirect and direct
control. Also, the diferences are all of substantive magnitude as in-
dicated by their corresponding efect sizes, ranging from strong
(ω2≥0.64 for direct control: sensation D), moderate
(0.25≤ω2 < 0.64 for indirect control: sensations B, C and D and direct
control: sensations A, B and C), and small (0.04≤ω2 < 0.25 for in-
direct control: sensation A). The efect sizes for each level of discomfort
sensation are larger for direct control than indirect control, which
suggests that the efect of range bias is larger. Under both indirect and
direct control, the efect sizes increase when adjustments were made to
higher sensations of discomfort due to glare. That is, the diferences in
the window luminance across the three diferent ranges under the same
sensation of glare sensation are larger.
3.2. First block only
Following recommended practise, participants experienced the
three diferent stimulus ranges (i.e. low, middle and high) in a rando-
mised order. Therefore, when evaluating the second and subsequent
blocks of trials they had already carried out evaluations with at least
one of the three ranges. To counter this we reanalysed the data by
considering results from only the irst block of trials that participants
had performed. While this may give a better representation of range
bias, it is done at the cost of smaller sample sizes. Of the 42 test par-
ticipants, 16 made their irst glare settings with the low range, 14 with
the middle range, and 12 with the high range, the inequality arising
because block orders were randomised.
Fig. 4 presents results from only the irst block of trials. Mean lu-
minances tended to increase for higher degrees of discomfort sensation
and with the higher stimulus range, similar to the results found when
considering all trials (Fig. 3). This trend is not apparent, for indirect
control for discomfort sensations A and B, but this may be noise due to
the small sample sizes available for the irst block comparisons.
Table 5 presents, the test statistic (F) and degrees of freedom (df)
and statistical signiicance (p-value) for the Levene's test, the test sta-
tistic (F), statistical signiicance (p-value), and efect size (ω2) for the
Welch's ANOVA test. Since the results of the Levene's test show that the
diferences in variance across the independent variable are statistically
signiicant in two cases (sensations C and D, indirect control) and in two
cases (sensations B and D, direct control), this shows that the assump-
tion of homogeneity of variance had not been met. Therefore, we used
the Welch's (unequal variance) ANOVA to compare the means from
multiple groups when the variances are not equal [37].
The results of the Welch's ANOVA show that the diferences across
the ranges are statistically signiicant in seven out of the eight cases that
were examined, with an exception of indirect control discomfort sen-
sation A, this showed that the diferences were not statistically
Table 4
Results of the Mauchly's test of sphericity and RM-ANOVA for the four dis-
comfort sensations for both direct and indirect control considering all trials:
with Greenhouse-Geisser corrections (window luminance only).
Discomfort Sensation Mauchly's test RM-ANOVA
Mauchly's W p-value F p-value ω2
Indirect Control: All trials
A 0.98 0.63 n.s. 13.87 0.00* 0.23
B 0.97 0.53 n.s. 27.89 0.00* 0.39
C 0.99 0.83 n.s. 28.78 0.00* 0.40
D 0.83 0.02* 51.45 0.00* 0.54
Direct Control: All trials
A 0.79 0.01* 36.80 0.00* 0.46
B 0.81 0.02* 67.18 0.00* 0.61
C 0.88 0.07 n.s. 74.66 0.00* 0.63
D 0.96 0.45 n.s. 142.30 0.00* 0.77
* = statistically signiicant (p≤0.05); n.s.= not signiicant (p > 0.05).
ω2 < 0.04=negligible; 0.04≤ω2 < 0.25= small; 0.25≤ω2 < 0.64=
moderate; ω2≥0.64= strong.
Fig. 4. Mean window luminances values for the three stimulus ranges (low,
middle and high) and the four degrees of discomfort (labelled A, B, C, D – see
Fig. 2). Error bars indicate the standard deviations. These data are results from
the irst block only. The two graphs show: (a) Indirect control, and (b) Direct
control.
Table 5
Results of the Levene's test of homogeneity of variance and Welch's ANOVA for
the four discomfort sensations for both indirect and direct control considering
irst block only (window luminance only).
Discomfort sensation Levene's test Welch's ANOVA
F p-value F p-value ω2
Indirect Control: First block only
A 0.75 0.48 n.s. 0.94 0.40 n.s. 0.00
B 0.76 0.47 n.s. 3.51 0.05* 0.11
C 5.43 0.01* 4.91 0.02* 0.16
D 10.62 0.00* 5.38 0.01* 0.17
Direct Control: First block only
A 1.67 0.20 n.s. 4.73 0.02* 0.15
B 4.17 0.02* 9.83 0.00* 0.30
C 2.15 0.13 n.s. 9.78 0.00* 0.29
D 4.00 0.03* 18.70 0.00* 0.46
* = statistically signiicant (p ≤ 0.05); n.s. = not signiicant (p > 0.05).
ω2 < 0.04=negligible; 0.04≤ω2 < 0.25= small; 0.25≤ω2 < 0.64=
moderate; ω2≥0.64= strong.
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signiicant. The diferences examined are mostly of substantive efect
sizes ranging from, moderate (0.25≤ω2 < 0.64 for direct control:
sensations B, C and D), small (0.04≤ω2 < 0.25 for indirect control:
sensations B, C and D and direct control: sensation A), and negligible
(ω2 < 0.04 for indirect control: sensation A). Similar to the indings in
the previous analysis (i.e., all data), the efect sizes under the direct
control condition were consistently larger than with indirect control for
each of the four glare sensations. Also, the efect sizes appear to in-
crease when considering a high level of glare sensation.
4. Discussion
Inferential analysis of the data conirmed that stimulus range had a
statistically signiicant and practically relevant inluence on the inal
settings made when using the luminance adjustment procedure to
evaluate discomfort due to glare. Speciically, when the available range
of luminances was larger, participants tended to set a higher luminance
for the same discomfort sensation. The efect of the range bias appears
to be larger when the adjustments were performed to higher levels of
discomfort sensation and when test participants had direct control over
the brightness of the artiicial window. Although these data do not
reveal which adjustment method (indirect or direct) gave more relevant
glare settings, the data did reveal that the choice of control strategy
does inluence the settings evaluations made by participants and sub-
sequent analysis. In this case, indirect control reduced the size of range
bias, although it still exerts a practically signiicant efect on glare
settings made to the same discomfort sensations.
Table 6 compares the efects on discomfort evaluations of diferent
aspects of experimental design. The comparisons are made here using
the efect size. Efect sizes provide a standardised measure of the ex-
perimental efect and are comparable across experiments [31], and
therefore enable a direct comparison of the inluence in each parameter
on the luminance adjustment procedure. In Table 6 efect sizes are re-
ported using Pearson's r coeicient (rather than ω2 as used in Table 4).
For three of the four discomfort sensations (sensations 2, 3 and 4) the
efect sizes are the largest when measuring the stimulus range efect
with direct control, although the efect of anchoring is only of slightly
lesser magnitude. The efects sizes of these two factors are afected by
the parameters chosen when conducting those experiments; an alter-
native method of comparison would be to identify what stimulus ranges
led to the same efect size as does anchoring (or other experimental
design choice). Note also that direct control in the current study pro-
duced larger efect sizes than indirect control for each discomfort sen-
sation. This suggests that the efect sizes of other methodology para-
meters (Table 6) may be conservative estimates since indirect control
was used in each of those investigations.
To illustrate practical implications, consider the luminances set
using direct control. For discomfort sensation D, the highest degree of
discomfort in Fig. 3, the mean luminance set with the low stimulus
range was 4112 cd/m2, and this is smaller than the mean luminance
(4475 cd/m2) set for a lower discomfort sensation (C in Fig. 3) but with
the high stimulus range. In other words, a change in stimulus range
caused a change in luminance settings equal to one whole criterion step
on the glare scale. This would, in fact, completely change the inter-
pretation the experimenter would make depending on which of the
three ranges had been selected to make the luminance settings. As
shown in Table 1, there is a wide variation in the luminance ranges used
in past studies.
These indings lead to important practical considerations. First,
stimulus range bias provides an explanation as to why diferent glare
studies have revealed diferent results. Therefore, there is a need to
carefully review the experimental procedures used in the literature in
order to bridge the inconsistencies commonly associated with dis-
comfort glare studies. Second, given that stimulus range bias does
matter, there is a need to consider how to overcome the problem when
evaluating discomfort due to glare. Within the literature there are two
proposals. (1) To analyse only the irst series of settings made when
using the irst range, since range response efects are easy to remember
and will inluence subsequent evaluations made when using diferent
ranges [17]; (2) Take the average of multiple ranges when evaluating
the same sensation [38]. Nevertheless, if a diferent set of multiple
ranges were used this would result in diferent settings made to the
same subjective discomfort sensation. This may falsely give an im-
pression that the resultant setting from multiple ranges gives a correct
result. However, this would imply that when performing the luminance
adjustment procedure, the correct response range needs to be selected
(i.e., luminance values that observers are typically exposed to in
buildings). If a limited range of responses are provided, any proposed
glare model will provide unreliable predictions of the perceived degree
of discomfort due to glare. An alternative proposal is to accept that
adjustment reveals relative afects and should not be used to establish
absolute thresholds. For practical application, these data show that
existing models of discomfort and threshold criteria are likely to be
erroneous by a signiicant margin, leading to either unexpected dis-
comfort or to an overly-conservative daylighting design.
Although the range bias appears to present a substantive inding in
this study, some limitations of the current work need to be considered
before practical application can be proposed. One limitation is that the
artiicial window represented a glare source with no visual information
(i.e., with no view to the outdoor environment): it has been shown that
observers are more tolerant to discomfort due to glare when the glare
source contains pleasant visual information [16,39,40]. A second lim-
itation is the degree to which the glare source in this work resembled
glare sources experimented in natural situations. The artiicial window
was large, uniform and of a high luminance. Daylit windows have a
variety of sizes, luminances and luminance uniformities. Waters et al.
[41] showed that observers perceive uniform and non-uniform glare
sources diferently. While these limitations may afect any attempt to
establish an absolute threshold for discomfort they do not afect the
current purpose of demonstrating an inluence of range bias.
Table 6
Methodological parameters that inluence settings made with luminance adjustment when evaluating the subject degrees of discomfort due to glare. The magnitude
of the inluence is assessed using the efect size, r.
Study Methodological parameter Adjustment control Efect size (r)
Sensation 1 Sensation 2 Sensation 3 Sensation 4
Kent et al. [5] Anchoring Indirect 0.84 0.79 0.78 0.73
Kent et al. [6] Visual task Indirect 0.06 0.21 0.30 0.48
Kent et al. [4] Order efect Indirect 0.55 0.40 0.32 0.17
Present study Range bias Indirect 0.23 0.64 0.64 0.75
Direct 0.69 0.79 0.81 0.88
Note: Bold indicates the largest efect size the discomfort sensation.
r < 0.20=negligible; 0.20≤ r < 0.50= small; 0.50≤ r < 0.80=moderate; r≥0.80= strong.
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5. Conclusion
This paper describes an experiment investigating discomfort due to
glare from an artiicial window. 42 test participants were instructed set
the luminance associated with a particular discomfort sensation using a
luminance adjustment procedure. The results showed a substantive
inluence of the stimulus range: Compared with the high luminance
range, the low and middle luminance ranges led to signiicantly lower
window luminances for all four discomfort sensations. The results also
show that this efect is larger when observers make the adjustment
directly rather than indirectly, although it is not clear whether direct or
indirect control gives more relevant settings. In further work using la-
boratory trials to explore discomfort due to glare the current results
suggest indirect control may be preferable as it reduces the inluence of
range bias.
The luminance adjustment procedure has been used a fundamental
reference for the development of current glare models including uniied
glare rating and visual comfort probability [42–44]. While the two
original studies [11,14] used to derive these glare models both used the
adjustment procedure, diferent formulae were proposed. One possible
reason for this inconsistency is that they did not consider the inluence
of luminance range when conducting their work. These models there-
fore require validation using an experimental procedure which re-
cognises the inluence of stimulus range bias and other problems.
Acknowledgements
This work was supported by the Engineering and Physical Sciences
Research Council [grant number EP/N50970X/1] and the Republic of
Singapore’s National Research Foundation through a grant to the
Berkeley Education Alliance for Research in Singapore (BEARS) for the
Singapore-Berkeley Building Eiciency and Sustainability in the
Tropics (SinBerBEST) Program. BEARS has been established by the
University of California, Berkeley as a centre for intellectual excellence
in research and education in Singapore.
Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
dash.berkeley.edu/stash/dataset/doi:10.6078/D1CW92.
References
[1] K.V.D. Wymelenberg, M. Inanici, A critical investigation of common lighting design
metrics for predicting human visual comfort in oices with daylight, Leukos 10
(2014) 145–164, https://doi.org/10.1080/15502724.2014.881720.
[2] M.B. Hirning, G.L. Isoardi, V.R. Garcia-Hansen, Prediction of discomfort glare from
windows under tropical skies, Build. Environ 113 (2017) 107–120, https://doi.org/
10.1016/j.buildenv.2016.08.005.
[3] I. Konstantzos, A. Tzempelikos, Daylight glare evaluation with the sun in the ield of
view through window shades, Build. Environ. 113 (2017) 65–77, https://doi.org/
10.1016/j.buildenv.2016.09.009.
[4] M.G. Kent, S. Fotios, S. Altomonte, Order efects when using Hopkinson's multiple
criterion scale of discomfort due to glare, Build. Environ. 136 (2018) 54–61,
https://doi.org/10.1016/j.buildenv.2018.03.022.
[5] M.G. Kent, S. Fotios, S. Altomonte, Discomfort glare evaluation: the inluence of
anchor bias in luminance adjustments, Light. Res. Technol. 51 (2017) 131–146,
https://doi.org/10.1177/1477153517734280.
[6] M.G. Kent, S. Fotios, S. Altomonte, An experimental study on the efect of visual
tasks on discomfort due to peripheral glare, Leukos (2018), https://doi.org/10.
1080/15502724.2018.1489282.
[7] M.G. Kent, T. Cheung, S. Altomonte, S. Schiavon, A. Lipczyńska, A Bayesian method
of evaluating discomfort due to glare: the efect of order bias from a large glare
source, Build. Environ. (2018), https://doi.org/10.1016/j.buildenv.2018.10.005.
[8] R.G. Hopkinson, Discomfort glare in lighted streets, Trans. Illum. Eng. Soc. 5 (1940)
1–32, https://doi.org/10.1177/147715354000500101.
[9] R.G. Hopkinson, R.C. Bradley, A study of glare from very large sources, Illum. Eng.
55 (1960) 288–294.
[10] M.G. Kent, S. Altomonte, P.R. Tregenza, R. Wilson, Discomfort glare and time of
day, Light. Res. Technol. 47 (2015) 641–657, https://doi.org/10.1177/
1477153514547291.
[11] M. Luckiesh, S.K. Guth, Brightnesses in visual ield at borderline between comfort
and discomfort, Illum. Eng. 44 (1949) 650–670.
[12] A.B. Lulla, C.A. Bennett, Discomfort glare: range efects, J. Illum. Eng. Soc. 10
(1981) 74–80, https://doi.org/10.1080/00994480.1980.10748591.
[13] W.K.E. Osterhaus, I.L. Bailey, Large area glare sources and their efect on visual
discomfort and visual performance at computer workstations, Conf. Rec. 1992 IEEE
Ind. Appl. Soc. Annu. Meet. vol. 2, 1992, pp. 1825–1829, , https://doi.org/10.
1109/IAS.1992.244537.
[14] P. Petherbridge, R.G. Hopkinson, Discomfort glare and the lighting of buildings,
Trans. Illum. Eng. Soc. 15 (1950) 39–79, https://doi.org/10.1177/
147715355001500201.
[15] P.T. Stone, S.D.P. Harker, Individual and group diferences in discomfort glare re-
sponses, Light. Res. Technol. 5 (1973) 41–49, https://doi.org/10.1177/
096032717300500106.
[16] N. Tuaycharoen, P.R. Tregenza, Discomfort glare from interesting images, Light.
Res. Technol. 37 (2005) 329–341.
[17] E.C. Poulton, Bias in Quantifying Judgements, Taylor & Francis, 1989.
[18] Á. Logadóttir, J. Christofersen, S.A. Fotios, Investigating the use of an adjustment
task to set the preferred illuminance in a workplace environment, Light. Res.
Technol. (2011), https://doi.org/10.1177/1477153511400971.
[19] M. Olkkonen, P.F. McCarthy, S.R. Allred, The central tendency bias in color per-
ception: efects of internal and external noise, J. Vis. 14 (2014), https://doi.org/10.
1167/14.11.5.
[20] S.A. Fotios, C. Cheal, Stimulus range bias explains the outcome of preferred-illu-
minance adjustments, Light. Res. Technol 42 (2010) 433–447, https://doi.org/10.
1177/1477153509356018.
[21] L.E. Marks, Magnitude estimation and sensory matching, Percept. Psychophys 43
(1988) 511–525, https://doi.org/10.3758/BF03207739.
[22] S. Parker, B. Schneider, The stimulus range efect: evidence for top-down control of
sensory intensity in audition, Percept. Psychophys 56 (1994) 1–11.
[23] D.C. Glass, B. Reim, J.E. Singer, Behavioral consequences of adaptation to con-
trollable and uncontrollable noise, J. Exp. Soc. Psychol. 7 (1971) 244–257, https://
doi.org/10.1016/0022-1031(71)90070-9.
[24] S.Y. Lee, J.L. Brand, Efects of control over oice workspace on perceptions of the
work environment and work outcomes, J. Environ. Psychol. 25 (2005) 323–333,
https://doi.org/10.1016/j.jenvp.2005.08.001.
[25] J.A. Veitch, R. Giford, Choice, perceived control, and performance decrements in
the physical environment, J. Environ. Psychol. 16 (1996) 269–276, https://doi.org/
10.1006/jevp.1996.0022.
[26] D. Malacara, Color Vision and Colorimetry: Theory and Applications, SPIE, 2011.
[27] M. Velds, User acceptance studies to evaluate discomfort glare in daylit rooms, Sol.
Energy 73 (2002) 95–103, https://doi.org/10.1016/S0038-092X(02)00037-3.
[28] W.K.E. Osterhaus, Discomfort glare assessment and prevention for daylight appli-
cations in oice environments, Sol. Energy 79 (2005) 140–158, https://doi.org/10.
1016/j.solener.2004.11.011.
[29] J.J. Vos, Relections on glare, Light. Res. Technol. 35 (2003) 163–175, https://doi.
org/10.1191/1477153503li083oa.
[30] S.A. Fotios, K.W. Houser, Research methods to avoid bias in categorical ratings of
brightness, Leukos 5 (2009) 167–181, https://doi.org/10.1582/LEUKOS.2008.05.
03.002.
[31] A. Field, Discovering Statistics Using IBM SPSS Statistics, SAGE Publications, 2013.
[32] J.W. Mauchly, Signiicance test for sphericity of a normal n-variate distribution,
Ann. Math. Stat. 11 (1940) 204–209, https://doi.org/10.1214/aoms/1177731915.
[33] R.E. Kirk, Practical signiicance: a concept whose time has come, Educ. Psychol.
Meas. 56 (1996) 746–759, https://doi.org/10.1177/0013164496056005002.
[34] J. Cohen, The earth is round (p < .05), Am. Psychol. 49 (1994) 997–1003,
https://doi.org/10.1037/0003-066X.49.12.997.
[35] C.J. Ferguson, An efect size primer: a guide for clinicians and researchers, Prof.
Psychol. Res. Pract. (2009), https://doi.org/10.1037/a0015808.
[36] S.W. Greenhouse, S. Geisser, On methods in the analysis of proile data,
Psychometrika 24 (1959) 95–112, https://doi.org/10.1007/BF02289823.
[37] B.L. Welch, On the comparison of several mean values: an alternative approach,
Biometrika 38 (1951) 330–336, https://doi.org/10.2307/2332579.
[38] R.L. McBride, Range bias in sensory evaluation, Int. J. Food Sci. Technol. 17 (1982)
405–410, https://doi.org/10.1111/j.1365-2621.1982.tb00195.x.
[39] R.G. Hopkinson, Glare from daylighting in buildings, Appl. Ergon. 3 (1972)
206–215, https://doi.org/10.1016/0003-6870(72)90102-0.
[40] N. Tuaycharoen, P.R. Tregenza, View and discomfort glare from windows, Light.
Res. Technol. 39 (2007) 185–200, https://doi.org/10.1177/1365782807077193.
[41] C.E. Waters, R.G. Mistrick, C.A. Bernecker, Discomfort glare from sources of non-
uniform luminance, J. Illum. Eng. Soc. 24 (1995) 73–85, https://doi.org/10.1080/
00994480.1995.10748120.
[42] CIE, Discomfort Glare in Interior Lighting, Commission Internationale de l’Éclai-
rage, 1995.
[43] IESNA, The Lighting Handbook: Reference and Application, Illuminating
Engineering Society of North America, 2011.
[44] SLL, The SLL Code for Lighting, Chartered Institution of Building Services Engineers
(CIBSE), 2012.
M.G. Kent, et al. %XLOGLQJDQG(QYLURQPHQW²

